Raffai G, Durand MJ, Lombard JH. Acute and chronic angiotensin-(1-7) restores vasodilation and reduces oxidative stress in mesenteric arteries of salt-fed rats. Am J Physiol Heart Circ Physiol 301: H1341-H1352, 2011. First published July 29, 2011; doi:10.1152/ajpheart.00202.2011.-This study determined the effect of ANG-(1-7) on salt-induced suppression of endotheliumdependent vasodilatation in the mesenteric arteries of male SpragueDawley rats. Chronic intravenous infusion of ANG-(1-7), oral administration of the nonpeptide mas receptor agonist AVE-0991, and acute preincubation of the arteries with ANG-(1-7) and AVE-0991 all restored vasodilator responses to both ACh and histamine that were absent in the arteries of rats fed a high-salt (4% NaCl) diet. The protective effects of ANG-(1-7) and AVE-0991 were inhibited by acute or chronic administration of the mas receptor antagonist A-779, the ANG II type 2 (AT2) receptor blocker PD-123319, or N-nitro-Larginine methyl ester, but not the ANG II type 1 receptor antagonist losartan. Preincubation with the antioxidant tempol or the nitric oxide (NO) donor diethylenetriamine NONOate and acute and chronic administration of the AT2 receptor agonist CGP-42112 mimicked the protective effect of ANG-(1-7) to restore vascular relaxation. Acute preincubation with ANG-(1-7) and chronic infusion of ANG-(1-7) ameliorated the elevated superoxide levels in rats fed a high-salt diet, but the expression of Cu/Zn SOD and Mn SOD enzyme proteins in the vessel wall was unaffected by ANG-(1-7) infusion. These results indicate that both acute and chronic systemic administration of ANG-(1-7) or AVE-0991 restore endothelium-dependent vascular relaxation in salt-fed Sprague-Dawley rats by reducing vascular oxidant stress and enhancing NO availability via mas and AT2 receptors. These findings suggest a therapeutic potential for mas/AT2 receptor activation in preventing the vascular oxidant stress and endothelial dysfunction associated with elevated dietary salt intake. renin-angiotensin system; Sprague-Dawley rat THE SMALL PEPTIDE ANG-(1-7), representing the antihypertensive arm of the renin-angiotensin system, antagonizes many of the actions of ANG II (13). Most of the beneficial actions of ANG-(1-7) are mediated by its specific receptor (mas) (43), which is distinct from ANG II type 1 (AT 1 ) and type 2 (AT 2 ) receptor subtypes. The actions of ANG-(1-7) can be mimicked by the nonpeptide mas agonist AVE-0991 (42) and can be inhibited by the selective ANG-(1-7) antagonist A-779 (40). A number of studies in the literature (8, 11, 32, 35, 48) have indicated that AT 1 and AT 2 receptors may contribute to the physiological effects of mas receptor activation by ANG-(1-7) via cross talk or receptor transactivation, although the contribution (or lack of contribution) of AT 1 and AT 2 receptors to the effects of mas receptor activation by ANG-(1-7) varies widely among different physiological responses.
Salt-induced suppression of ANG II below normal physiological levels causes impaired vascular relaxation, elevated superoxide levels in blood vessels, reduced nitric oxide (NO) availability, and endothelial dysfunction in normotensive animals (25, 27, 33, 49, 57) . Because ANG-(1-7) receptor activation has been shown to activate endothelial NO synthase and stimulate endothelial NO release (12, 18, 39, 53) , it is possible that mas receptor activation may be beneficial under conditions of impaired endothelial function, such as those existing in normotensive salt-insensitive animals fed a high-salt (HS) diet (11, 25, 28, 57) and in many different forms of hypertension.
The goal of the present study was to determine whether acute in vitro application or chronic administration of ANG-(1-7) or the pharmacological mas receptor agonist AVE-0991 would ameliorate the endothelial dysfunction and restore the impaired relaxation of mesenteric resistance arteries that occurs during elevated salt intake in normotensive SpragueDawley rats (57) . In the case of acute ANG-(1-7) or AVE-0991 pretreatment, we also investigated whether the improvement of endothelial function was due to the increased endothelial NO release and whether the effects of mas receptor activation can be mimicked by the SOD mimetic tempol or a NO donor [diethylenetriamine NONOate (DETA-NONOate)], both of which increase the bioavailability of NO (45, 57) .
Because existing studies (6, 8, 11, 23, 26, 32, 34, 35, 46, 48) have reached widely varying conclusions regarding the role of AT 1 and AT 2 receptors in mediating the response of diverse physiological systems to ANG-(1-7), we also determined whether any effect of ANG-(1-7) or AVE-0991 to restore vascular relaxation and endothelial function in SpragueDawley rats fed a HS diet is mediated solely via the mas receptor or whether AT 1 or AT 2 receptors contribute to the effects of ANG-(1-7). The ability of AT 2 receptor activation to restore endothelium-dependent vasodilation in salt-fed rats was also tested by acute and chronic administration of the AT 2 receptor agonist CGP-42112. In a final series of experiments, we determined whether any restoration of vasodilation by ANG-(1-7) in salt-fed Sprague-Dawley rats may be mediated by changes in vascular superoxide levels, which affect the availability of NO in the vessel, and whether chronic infusion of ANG-(1-7) upregulates the expression of Cu/Zn SOD or Mn SOD in the arterial wall.
MATERIALS AND METHODS
Experimental animals. The present study used 8-to 10-wk-old male Sprague-Dawley rats fed either a low-salt (LS; 0.4% NaCl) or HS (4% NaCl) diet for 3-6 days.
For chronic infusion experiments, animals were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg), acepromazine (2.5 mg/kg), and anased (10 mg/kg). A chronic catheter was tunneled from the midscapular region and installed in the femoral vein for chronic intravenous infusion using standard aseptic surgery procedures. During the recovery period, rats were kept on a LS diet and were continuously infused with isotonic saline (0.9% NaCl). Separate groups of rats were kept either on the LS diet or switched to the HS diet 6 days before the experiments while receiving a continuous infusion (0.5 ml/h) of either 1) isotonic saline vehicle; 2) CGP-42112 ( Ϫ1 ·h·) for the last 3 days. The infusion dose of ANG-(1-7) used in the present study is equimolar to the ANG II infusion used in other studies (11, 50) . Separate groups of SpragueDawley rats fed a LS diet or switched to a HS diet for 6 days were treated with the orally active mas receptor agonist AVE-0991 (10 Ϫ7 M) in the drinking water for the last 3 days. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin.
Blood pressure measurement and evaluation of mesenteric vascular reactivity. On the experimental days, rats were anesthetized by either an intraperitoneal injection (noninfused animals) or an intravenous administration (infused animals) of the anesthetic cocktail (see above) through the infusion lines, and blood pressure was measured by direct cannulation of the carotid artery. Mesenteric resistance arteries (ϳ300-m diameter) feeding the small intestine were isolated and cannulated in a tissue culture myograph system (Danish MyoTechnology, Aarhus, Denmark). Arteries were incubated at 37°C and 75-mmHg intraluminal pressure for 60 min while the vessel was continuously perfused and superfused with physiological salt solution (PSS) equilibrated with a 21% O 2-5% CO2-74% N2 gas mixture. The PSS used in these experiments had the following composition (in mM) 119 NaCl, 4.7 KCl, 1.17 MgSO4, 1.6 CaCl2, 1.18 NaH2PO4, 24 NaHCO3, and 0.03 Na2-EDTA.
Outer and inner vessel diameters were measured using video microscopy techniques similar to those used in previous studies (14, 28 Ϫ4 M) for 30 min followed by a complete washout, after which responses to ACh were evaluated as described above.
Western blot analysis for Cu/Zn SOD and Mn SOD. To evaluate Cu/Zn SOD and Mn SOD enzyme expression, mesenteric resistance arteries supplying the small intestine were isolated and homogenized in 200 l of a solution containing 250 mM sucrose, 1 mM EDTA, 1 mM KH2PO4, 10 mM K2HPO4 (pH 7.7), and 1.5 l phosphatase and protease inhibitor cocktails. Tissue debris and nuclear fragments were removed by centrifugation at 12,000 g for 20 min at 4°C. The protein concentration was determined using a Bradford protein assay (Thermo Scientific, Rockford, IL), and 10 -35 g of each sample were loaded onto a 4 -20% SDS-polyacrylamide gel and separated by electrophoresis. Samples were transferred to a nitrocellulose membrane (0.45 m) and blocked in Tris-buffered saline-Tween 20 (TBST; 10 mM Tris, 150 mM NaCl, and 0.1% Tween 20) containing 10% nonfat dried milk at room temperature for 2 h. Membranes were then incubated with a 1:1,000 dilution of rabbit anti-Cu/Zn SOD primary antibody (ADI-SOD-101, Enzo Life Sciences, Plymouth Meeting, PA) or a 1:8,000 dilution of rabbit anti-Mn SOD primary antibody (SOD-111, Assay Design, Ann Arbor, MI) at 4°C overnight. The following day, membranes were washed with TBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit (sc-2004) secondary antibodies for Cu/Zn SOD (1:6,000 dilution) or Mn SOD (1:8,000 dilution) for 2 h. After incubation with the secondary antibodies, membranes were washed, and protein bands were visualized using chemiluminescence (Super Signal, Pierce, Rockford IL). Membranes were exposed to Blue Lite Autorad film (F-9024 -8x10, GeneMate, Bioexpress, Kaysville, UT) and developed in a Kodak X-OMAT 2000A developer (Eastman Kodak, Rochester, NY). Densitometry values (in pixels) were obtained using UnScanIT 6.1 software (Silk Scientific, Orem, UT). The expression of bands of the target protein for each animal was expressed as a percentage of the ␤-actin loading control and normalized as 100% for each control group, i.e., LS diet for HS diet-fed animals and HS diet with saline infusion for HS diet-fed animals with ANG-(1-7) infusion.
Dihydroethidium staining and imaging. Arteries from LS or HS diet-fed rats [with or without preincubation with 10 Ϫ6 M ANG-(1-7) (see above)] and from HS-fed rats receiving either isotonic saline or ANG-(1-7) infusion were equilibrated in the tissue culture myograph system for 60 min. Vessels were then incubated with dihydroethidium (DHE) at a final concentration of 50 M for 30 min, after which the residual DHE was washed out with PSS. Vessels were removed from the chambers and embedded in Tissue Tek. Blocks were frozen at Ϫ18°C, and 6-m sections were taken with a cryostat. Sections were placed on microscope slides, coverslipped with Fluoro Gel mounting medium (Electron Microscopy Sciences, Hatfield, PA), and stored in the dark until analysis. Bright-field and fluorescent images of multiple cross sections of each individual mesenteric artery were taken with a ϫ20 lens using a Nikon Eclipse TS100 microscope with a QImaging Retiga-2000R digital camera (Surrey, BC, Canada) and 540-nm excitation and 605-nm emission filters (Chroma Technology, Bellows Falls, VT). Cross sections were analyzed using Metamorph imaging and analysis software (Universal Imaging, Downington, PA). Fluorescent intensity in the vessel wall was quantified as fluorescence intensity per pixel for each sample.
Drugs and reagents. All chemicals used in this study were purchased from Sigma (St. Louis, MO) except for A-779 (Bachem,Torrance, CA), PD-123319 and CGP-42112 (Tocris, Ellisville, MO), and DETA-NONOate (Cayman, Ann Arbor, MI). AVE-0991 was a generous gift from Sanofi-Aventis (Frankfurt, Germany).
Statistical analysis. Diameter changes were calculated as the difference from the diameter measured after preconstriction with an EC 50 concentration of norephinephrine in the tissue bath. Data are expressed as means Ϯ SE. Differences between individual groups were evaluated using Student's t-test for comparisons of two groups or ANOVA with a post hoc Dunnett test for comparisons of more than two experimental groups. In the case of dose-dependent responses, one-way repeated-measures ANOVA was used and Dunnett's pairwise multiple comparison procedure was applied to test for significant differences from the preconstricted diameter. Statistical significance was taken as P Ͻ 0.05.
RESULTS

Experimental animal groups and arterial diameters.
To conserve resources, arteries used in many of these experiments were obtained from rats used in another study (11) . Dietary salt content, ANG-(1-7) infusion (either alone or in combination with inhibitors of mas, AT 1 , or AT 2 receptors), CGP-42112 infusion, and AVE-0991 treatment had no significant effect on body weight or arterial blood pressure in any of the experimental groups (Table 1 ). In saline-infused rats, blood pressure values at the point where the arteries were isolated for study were ϳ10 mmHg less compared with the noninfused groups, most likely due to the direct intravenous application of the anesthetics through the infusion line versus intraperitoneal injection (see MATERIALS AND METHODS). None of the chronic infusion treatments [ANG-(1-7) with or without inhibitors or CGP-42112] produced a significant change in anesthetized blood pressure.
Control diameters of the isolated arteries from SpragueDawley rats determined after the incubation period in PSS or after preincubation of the vessels with ANG-(1-7) or AVE-0991 (either alone or in combination with L-NAME, mas, AT 1 , or AT 2 receptor antagonists), CGP-42112, DETA-NONOate, or tempol were not different across the groups (Table 1) . Wall thickness and the wall-to-lumen ratio were unaffected by dietary salt content (LS vs. HS diet) or by ANG-(1-7) versus saline infusion in Sprague-Dawley rats fed a HS diet (data not shown), showing that no significant remodeling occurs in the mesenteric arterial wall due to elevated dietary salt content or chronic infusion of ANG-(1-7) in this rat strain.
Effect of HS diet and chronic ANG-(1-7)
infusion on responses to vasodilator stimuli. Consistent with earlier findings in multiple vessel types (11, 25, 27, 28, 33, 49, 57) , L-NAMEsensitive vasodilation in response to ACh (Fig. 1A ) and histamine ( Fig. 2A) were absent in mesenteric arteries from Sprague-Dawley rats fed a HS diet. Similar to noninfused rats, vasodilator responses to ACh (Fig. 1B) and histamine ( Fig. 2B) were present in arteries of saline-infused rats fed a LS diet and were absent in arteries of saline-infused rats fed a HS diet. However, vessels from Sprague-Dawley rats fed either a LS or HS diet dilated in a similar fashion in response to the NO donor DETA-NONOate (Fig. 3) , showing that the arteries of those animals are still sensitive to the vasodilator effects of NO, independent of salt diet.
Vasodilator responses to ACh (Fig. 1C ) and histamine ( Fig. 2C) were unaffected by ANG-(1-7) infusion in rats fed a LS diet compared with control and saline-infused rats fed a LS diet. In rats fed a HS diet, ANG-(1-7) infusion restored the impaired arterial dilation in response to both ACh (Fig. 1C) and histamine ( Fig. 2C ) compared with control or salineinfused rats fed a HS diet. Similar to all three groups of rats fed a LS diet, the restored dilations in response to ACh (Fig. 1C) and histamine ( Fig. 2C ) in ANG-(1-7)-infused SpragueDawley rats fed a HS diet were eliminated by L-NAME, demonstrating that they were mediated by NO.
Effect of orally administered AVE-0991 on ACh-induced dilation in arteries of rats fed a HS diet. As shown in Fig. 4 , chronic administration of the orally active mas receptor agonist AVE-0991 in Sprague-Dawley rats fed a HS diet also restored the ACh-induced dilations to values similar to those seen in arteries from rats fed a LS diet. The restoration of vasodilator responses to ACh by oral administration of AVE-0991 was 
Values are means Ϯ SE; n, no. of rats. Body weights and arterial blood pressures of all Sprague-Dawley rats are shown. Control diameters of mesenteric arteries and degrees of their preconstriction with EC50 norepinephrine (%control diameter) used in the different experimental groups in this study are also shown. L-NAME, N-nitro-L-arginine methyl ester; DETA-NONOate, diethylenetriamine NONOate. similar to the protective effect of chronic intravenous infusion of ANG-(1-7) (Fig. 1C) , providing further support for the hypothesis that mas receptor activation can ameliorate the severe endothelial dysfunction that occurs in response to elevated dietary salt intake in Sprague-Dawley rats fed a LS diet.
Effect of mas, AT 1 , and AT 2 receptor blockade on the restoration of vasodilator responses by ANG-(1-7) infusion in rats fed a HS diet.
The protective effect of chronic ANG-(1-7) infusion to restore ACh-induced dilation of mesenteric arteries of rats fed a HS diet was blocked by coinfusion of either the mas receptor antagonist A-779 or the AT 2 receptor blocker PD-123319, but not the AT 1 antagonist losartan (Fig. 5) . Taken together, these findings show that mas and AT 2 receptors (but not the AT 1 receptor) contribute to the protective effect of ANG-(1-7) to restore ACh-induced dilation in these vessels from HS diet-fed Sprague-Dawley rats.
Effect of chronic CGP-42112 infusion on ACh-induced dilation in arteries of rats fed a HS diet. In light of the finding that AT 2 receptor blockade (as well as mas receptor blockade) prevented the restoration of vasodilator responses to chronic ANG-(1-7) infusion in HS diet-fed rats, we also determined whether chronic AT 2 receptor activation with CGP-42112 infusion can improve the response of the arteries to ACh. Similar to chronic ANG-(1-7) infusion (Fig. 1C) , intravenous infusion of the AT 2 agonist CGP-42112 improved the vasodilator response to ACh in mesenteric arteries from rats fed a HS diet, and this effect was inhibited by L-NAME (Fig. 6) .
Effect of acute treatment with ANG- (1-7) or AVE-0991 on the response to vasodilator agonists. ACh and histamine responses were also measured after acute preincubation of the vessels for 30 min with 10 Ϫ6 M ANG-(1-7) (Fig. 7A ) or AVE-0991 (Fig. 7B) either alone or in combination with A-779, losartan, PD-123319, or L-NAME. Similar to chronic intravenous infusion of ANG-(1-7), preincubation with either ANG- (1-7) or AVE-0991 (followed by washout) also restored vasodilator responses to ACh (Fig. 7, A and B) and histamine (not shown) in arteries from Sprague-Dawley rats fed a HS diet. The ability of acute preincubation with ANG- (1-7) or AVE-0991 to restore ACh-induced dilation was inhibited by A-779, PD-123319, and L-NAME, but not by losartan (Fig. 7,  A and B) , demonstrating that both ANG-(1-7) and AVE-0991 have acute and direct actions that are mediated via mas/AT 2 receptors to improve NO-dependent endothelial function in HS diet-fed Sprague-Dawley rats (in addition to their long-term beneficial effects during chronic administration of either of the agonists).
Effect of acute treatment with CGP-42112, tempol, and DETA-NONOate on the response to vasodilator agonists. Preincubation with the AT 2 agonist CGP-42112 also mimicked the effect of acute ANG-(1-7) and AVE-0991 (Fig. 8) , supporting an involvement of the AT 2 receptor in the restoration of endothelial dilatations by ANG-(1-7) or AVE-0991. To evaluate the role of oxidant stress in contributing to impaired vascular relaxation and to test whether NO liberated by ANG-(1-7) and AVE-0991 during the preincubation period might be able to restore endothelium-dependent dilatation, arteries from HS diet-fed rats were also preincubated for 30 min with either the NO donor DETA-NONOate (10 Ϫ4 M) or the SOD mimetic tempol (10 Ϫ4 M). Preincubation with either DETA-NONOate or tempol also mimicked the effect of ANG-(1-7) and AVE-0991 (Fig. 8) indicating that endothelium-dependent vasodilation can be restored either by increasing NO availability exogenously or by scavenging superoxide radicals before the administration of ACh. Figure 9 shows the effect of a HS diet and ANG-(1-7) infusion on the expression of Cu/Zn SOD and Mn SOD in mesenteric resistance arteries. The HS diet tended to reduce the expression of Cu/Zn SOD, although this was not significant (P ϭ 0.07) in the present study. Mn SOD protein expression was unaffected by the HS diet. ANG-(1-7) infusion, which restores vasodilator responses in HS Fig. 3 . Effect of a HS diet on diethylenetriamine NONOate (DETA-NONOate) concentration-response curves: diameter changes to increasing concentrations of the nitric oxide (NO) donor DETA-NONOate (10 Ϫ6 -10 Ϫ3 M) in norepinephrine (4 M)-precontracted mesenteric arteries from rats fed either a LS diet (n ϭ 8) or a HS diet (n ϭ 8). *P Ͻ 0.05 vs. precontracted diameters of vessels from LS diet-fed rats; †P Ͻ 0.05 vs. precontracted diameters of vessels from HS diet-fed rats. 1-7) ) receptor inhibitors. n ϭ 8 rats/group. *P Ͻ 0.05 vs. precontracted control diameters of vessels with ANG-(1-7) ϩ losartan; † P Ͻ 0.05 vs. precontracted control diameters of vessels with ANG-(1-7) ϩ A-779. ). n ϭ 8 rats/group. *P Ͻ 0.05 vs. precontracted control diameters of vessels in the absence of L-NAME; †P Ͻ 0.05 vs. precontracted control diameters of vessels in the presence of L-NAME. diet-fed animals, did not affect the expression of either of the SOD isoforms, indicating that chronic mas/AT 2 receptor activation is not accompanied by upregulation of these two antioxidant enzymes.
Effect of a HS diet and ANG-(1-7) infusion on Cu/Zn SOD and Mn SOD protein expression.
Effect of a HS diet, acute ANG-(1-7) pretreatment, and chronic ANG-(1-7) infusion on DHE fluorescence.
The HS diet significantly increased DHE fluorescence as an indicator of vascular superoxide levels compared with LS diet-fed controls (Fig. 10A ). Acute incubation with ANG-(1-7) caused a significant reduction of oxidative stress in arteries of HS diet-fed rats compared with changes in arteries of the LS diet-fed group (Fig. 10A) . Chronic ANG-(1-7) infusion (Fig. 10B ) also appeared to ameliorate oxidant stress (ϳ40% decrease of the DHE signal) in arteries of HS diet-fed rats, although, in contrast to an earlier study (11) , this difference was not significant in the present experiments.
DISCUSSION
A long-term clinical study (51) has shown that salt-sensitive individuals are not only more prone to develop hypertension than salt-resistant persons but also have a significantly higher mortality rate, even if they remain normotensive. In a recent review, Widlansky et al. (52) noted that the presence of endothelial dysfunction in peripheral arteries is a powerful predictor of adverse cardiovascular events in humans, such as myocardial infarction, stroke, and death. Consistent with multiple reports of the deleterious effects of elevated dietary salt intake in human (3, 21, 31) and animal studies (11, 25, 27, 28, 33, 49, 57) , Tzemos et al. (47) recently reported that elevated dietary salt intake also leads to impaired endothelial function in healthy young normotensive humans.
In recent years, interest has been growing in the role of the small peptide ANG-(1-7) as a counterregulatory mechanism to offset the deleterious effects of supraphysiological levels of the vasoconstrictor and pro-oxidant peptide ANG II (13, 20) . Sampaio et al. (39) showed that ANG-(1-7) activates endothelial NO synthase and releases NO in human aortic endothelial cells having constitutive mas receptor expression, and FariaSilva et al. (12) showed that mas receptor stimulation with either ANG-(1-7) or AVE-0991 improves endothelial function and potentiates the hypotensive effect of ACh by stimulating NO release in normotensive Wistar rats. These findings suggest that mas receptor agonists like AVE-0991 (42) of mas receptor activation in the presence of abnormal endothelial function.
In normotensive Wistar rats, acute infusion of ANG-(1-7) elevates cardiac output, reduces total peripheral resistance, and decreases regional vascular resistance, including that in the hemodynamically important mesenteric vascular bed (38) . However, the effects of dietary salt intake on vascular control by ANG-(1-7) are unclear, particularly at the level of the resistance arteries. For example, in hypertensive models, Iyer et al. (20) reported that infusion of either the mas receptor antagonist A-779 or neutralizing antibodies to ANG-(1-7) caused a large increase in blood pressure in salt-depleted spontaneously hypertensive rats and (mRen-2)27 renin transgenic rats (when plasma ANG II levels are high) but not in animals maintained on a normal salt diet. In contrast to those findings, Roks et al. (35) reported radically different effects of ex vivo ANG-(1-7) administration on maximal ANG II-induced vasoconstriction in rat aortic rings in the presence of NO inhibition. In that study, ANG-(1-7) reduced maximum ANG II-induced vasoconstriction in aortic rings of male Wistar rats fed a normal or HS diet, but this noncompetitive antagonism of ANG-(1-7) was absent when the animals were fed a LS diet. Comparison of the disparate findings of Iyer et al. (20) and Roks et al. (35) emphasizes the importance of clarifying the vascular effects of ANG-(1-7) and mas receptor agonists during elevated dietary salt intake, especially in light of the salt-induced vascular dysfunction that occurs in normotensive rats (11, 25, 27, 28, 49, 57) , normotensive mice (33), healthy human volunteers (48) and in various salt-sensitive and salt-insensitive forms of hypertension.
Recent studies have shown that a HS not only suppresses plasma ANG II levels (16, 56) but also eliminates or dramatically reduces vascular relaxation in response to ACh and many other vasodilator stimuli in multiple vessel types from different species without an increase in blood pressure (25, 27, 33, 49, 50, 57) . This impairment of vascular relaxation is accompanied by increased oxidative stress (24, 25, 57, 58) , reduced NO release (24, 56 -58), and impaired endothelial Ca 2ϩ signaling (56). In the present study, we found that mas receptor activation in response to either chronic ANG-(1-7) infusion, chronic oral administration of AVE-0991, or acute incubation with ANG-(1-7) or AVE-0991 restored the severely impaired vascular relaxation in response to ACh and histamine in small mesenteric arteries of normotensive Sprague-Dawley rats fed a HS diet. These results are consistent with the earlier reports of Sampaio et al. (39) , Faria Silva et al. (12) , and Xu et al. (54) indicating that mas receptor activation improves endothelial cell function. Taken together, these findings suggest that mas receptor activation may be beneficial under conditions of impaired endothelial function, such as those occurring with elevated dietary salt intake (25, 27, 28, 33, 49, 50, 56, 57) . An important implication of our findings is that the potential beneficial effects of ANG-(1-7) and therapeutic drugs that activate the mas receptor [e.g., AVE-0991 or HP␤CD/ANG-(1-7)] do not depend on elevated ANG II levels but exert other protective effects to improve vascular function.
In these experiments, the significantly higher oxidative stress level in mesenteric arteries of rats fed a HS diet was reduced by ϳ40% by chronic systemic infusion of ANG-(1-7) and by ϳ45% by acute incubation of arteries from salt-fed animals with ANG- (1-7) . In addition to reducing vascular superoxide levels, both these treatments restored NO-mediated dilatations to ACh and histamine. These findings are consistent with the results of a previous study (11) showing that chronic ANG-(1-7) infusion causes a significant reduction in superoxide levels and restores vasodilator responses to ACh in middle cerebral arteries of normotensive Sprague Dawley rats fed a HS diet. As such, the results of this study indicate that the beneficial effect of chronic mas receptor activation may be attributed, in part or as a whole, to a reduction in oxidant stress in the vessel wall, which would also increase NO availability.
The exact mechanisms by which acute and chronic administration of ANG-(1-7) lead to reductions in superoxide levels in mesenteric arteries of HS diet-fed rats remain to be determined. The ability of acute exposure to ANG-(1-7) and AVE-0991 [in addition to chronic infusion of ANG-(1-7)] to reduce vascular superoxide levels and our Western blots of Cu/Zn SOD and MnSOD in HS diet-fed rats receiving ANG-(1-7) infusion indicate that the antioxidant effect of mas receptor activation does not depend on the upregulation of antioxidant enzyme expression at the protein level. This is contrary to the protective effects of chronic low-dose ANG II infusion to prevent the downregulation of Cu/Zn SOD in cerebral arteries of HS diet-fed rats (30) . Instead, the findings of the present study suggest that the protective effect of ANG-(1-7) to restore vascular relaxation and reduce superoxide levels in rats fed a HS diet may be due to a number of factors, including the liberation of NO (18, 53) in amounts sufficient to quench superoxide radicals, reductions in NADPH oxidase activity (5, 9) , and/or acute increases in the activity of antioxidant enzymes such as SOD (54) .
As noted above, ANG-(1-7) has been proposed as an important buffer of the cardiovascular effects of ANG II (13, 20, 38) . Various studies in the literature have reported that the effects of ANG-(1-7) or AVE-0991 on different physiological systems are mediated either via its unique (mas) receptor alone (6, 26, 34, 46) or involve AT 1 (8, 18, 23, 32, 34, 48, 53) and/or AT 2 (8, 18, 34, 35, 48, 53) receptors acting in conjunction with the mas receptor. Therefore, an important question is whether the protective action of ANG-(1-7) and AVE-0991 to restore endothelium-dependent vasodilation in salt-fed animals is unique to the mas receptor or whether other ANG II receptors may contribute to the protective effects of ANG-(1-7) and preincubation with AVE-0991 to restore vascular relaxation in salt-fed rats. In the present study, we found that blockade of either the mas receptor (with A-779) or the AT 2 receptor (with PD-123319) dramatically reduced the ability of both acute and chronic ANG-(1-7) to restore vascular relaxation to ACh in salt-fed rats. This observation is consistent with the results of existing studies (8, 34, 35, 48) indicating that the AT 2 receptor plays a role in the response of some physiological systems, including NO release (18, 53) , to mas receptor activation by ANG- (1-7) .
A number of studies (11, 28, 30, 49, 50, 56, 57) have shown that the detrimental effects of a HS diet on vascular function can be prevented by chronic intravenous infusion of a subpressor dose of ANG II and that the protective effect of low-dose ANG II infusion is mediated via activation of the AT 1 receptor (11, 50) . An important finding in the present study is that the protective effect of ANG-(1-7) to restore endothelium-dependent vascular relaxation to ACh in salt-fed rats is unaffected by AT 1 receptor blockade with losartan and is therefore not mediated by the AT 1 receptor for ANG II. Our finding that AT 2 receptor blockade with PD-123319 blocks the restoration of vascular relaxation by ANG-(1-7) infusion also contrasts with the results of an earlier study (50) showing that the protective effect of low-dose ANG II infusion to restore vascular relaxation in skeletal muscle resistance arteries of Sprague-Dawley rats is unaffected by AT 2 receptor blockade with PD-123319. Thus, the mechanism of action of ANG-(1-7) to restore vasodilatation is independent of the AT 1 receptor and is distinct from the protective effect of low-dose ANG II infusion to restore vascular relaxation in salt-fed animals in an AT 1 receptor-sensitive fashion (50, 56) . Overall, these observations indicate that the ability of ANG-(1-7) to restore vascular relaxation in salt-fed rats is a therapeutic effect to offset the impaired vascular relaxation caused by increased oxidant stress, reduced NO availability, and downregulation of antioxidant defense mechanisms (11, 24, 25, 27, 30, 33, 49, 50, 56 -58) that arise from chronic exposure to low levels of circulating ANG II in the plasma. In contrast, the protective effect of low-dose ANG II infusion to restore vascular relaxation and endothelial function in HS diet-fed rats is mediated by offsetting the physiological response of salt-induced ANG II suppression (28, 49, 50, 58 ).
The precise mechanism by which the AT 2 receptor contributes to the actions of ANG-(1-7) to alleviate endothelial dysfunction in salt-fed rats remains to be determined. Rowe and colleagues (36) reported that, in the brain, ANG-(1-7) binds AT 1 receptors ϳ150-fold less effectively and AT 2 receptors 6,000-fold less effectively than ANG II. The AT 2 antagonist PD-123319 is unable to displace ANG-(1-7) binding to the mas receptor in cells transfected with the mas receptor, showing that there is little or no recognition of PD-123319 by the mas receptor (43) . Another study (41) has shown that A-779 has minimal effects on ANG II binding and signaling through either AT 1 or AT 2 receptors. The high specificity of the receptor antagonists for their individual receptors and the low binding affinity of ANG-(1-7) for either the AT 1 or AT 2 receptor suggest that there is receptor cross talk or dimerization between mas and AT 2 receptors. The latter hypothesis is supported by a number of studies in the literature (7, 8, 22, 34) suggesting that the mas receptor either forms functional dimers with ANG II receptors or that there are functional interactions such as receptor cross talk or a permissive role for AT 1 and/or AT 2 receptors at downstream points in the mas receptor pathway.
The AT 2 receptor has been reported to have antioxidant functions in obese Zucker rats (37) , and studies in the literature (1, 2, 4, 15, 17, 19, 44, 55 ) have shown that AT 2 receptor activation increases NO and cGMP levels. These findings suggest that the beneficial effect of ANG-(1-7) to restore vascular relaxation via the AT 2 receptor may be related to the ability of this interaction to increase NO and cGMP levels in the cells. This hypothesis is supported by our observation that acute preincubation of the arteries with either CGP-42112 or DETA-NONOate or chronic infusion of CGP-42112 restored vascular relaxation in response to ACh in arteries of HS diet-fed rats.
Perspectives. The present study shows that, in addition to its direct vasodilator effect in different vascular beds, ANG-(1-7) has another beneficial action, namely, to reverse the deleterious effects of a HS diet on vascular relaxation by improving endothelial function. The ability of ANG-(1-7) to ameliorate salt-induced endothelial dysfunction was mimicked by the nonpeptide mas receptor agonist AVE-0991 and appears to be mediated via the combined actions of the mas receptor and AT 2 receptor.
ANG-(1-7) not only dilates blood vessels (13, 32) as a part of the depressor arm of the renin-angiotensin system but, according to the novel findings in the present study, has another beneficial action, namely, to reverse the negative consequences of a HS diet on vascular relaxation by restoring NO-dependent vasodilatation and reducing vascular oxidant stress. Another important implication of the present study, which is worthy of further investigation, is that a HS diet may contribute to salt-induced endothelial dysfunction via suppression of ANG-(1-7) levels, in addition to salt-induced ANG II suppression (28, 49, 50) .
The ability of mas receptor activation to restore endothelium-dependent vasodilatation reported in the present study is especially significant in light of the ability of a HS diet to abrogate vessel responses to a striking variety of vasodilator stimuli, including ACh and histamine ( Figs. 1 and 2) , the stable prostacyclin analog iloprost, reduced PO 2 , and cholera toxin (27, 28, 49, 50, 56 -58) , and growing evidence that an elevated dietary salt intake can lead to endothelial dysfunction in normotensive humans (10, 47) . The ability of ANG-(1-7) and AVE-0991 to restore endothelium-dependent vascular relaxation in HS diet-fed rats suggests that cardiovascular drugs that activate the mas receptor for ANG-(1-7) could be of substantial benefit in alleviating the endothelial dysfunction that arises from elevated dietary salt intake, especially in salt-sensitive form of hypertension.
